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Nuclear effects in polarized inelastic electron scattering off polarized 3He and po-
larized 2H are discussed; in the resonance region, Fermi motion effects are found
to be much larger than in deep inelastic scattering. It is shown that improperly
describing nuclear dynamics would lead to the extraction of unreliable neutron spin
structure functions; on the other hand side, simple and workable equations, relat-
ing the Gerasimov – Drell – Hearn Integral for the neutron to the corresponding
quantity for 3He and 2H, are proposed. Nuclear effects in the recent E143 data
are estimated by a proper procedure.
1 Introduction
The measurement of the polarized nucleon Spin Structure Functions (SSF) g1
and g2 in the resonance region allows one to check the helicity structure of the
photon – nucleon coupling between the Deep Inelastic Scattering (DIS) region
and the real photon limit1. Recently it has been proposed at TJNAF to study
the SSF in a wide range of energy (0.2 GeV ≤ ν ≤ 3 GeV ) and momentum
(0.15 GeV 2 ≤ Q2 ≤ 2 GeV 2) transfers, for both the proton2 and the neutron,
using in the latter case polarized 2H and 3He targets3,4.
For a hadronic target A, the SSF gA1 (ν,Q
2) and gA2 (ν,Q
2) are experi-
mentally obtained by measuring longitudinal and transverse asymmetries5. A
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relevant quantity related to the SSF’s g1(2) is the following integral
IA(Q2) =
8π2α
m
∞∫
νth
dν
ν
(
1 + Q
2
ν2
)
K
GA1 (ν,Q
2) , (1)
where νth = (Q
2 + 2mpim+m
2
pi)/2m is the threshold energy for the pion-ele-
ctroproduction off the the nucleon, m is the nucleon mass, mpi is the pion mass,
K is the photon flux, α is the fine structure constant and GA1 (ν,Q
2) reads as:
GA1 (ν,Q
2) =
1(
1 + Q
2
ν2
) (gA1 (ν,Q2)− Q2ν2 gA2 (ν,Q2)
)
. (2)
Two features of GA1 (ν,Q
2) have to be mentioned: (i) when multiplied by the
quantity − 2νMA (1+
Q2
ν2 ) , MA being the target mass, it coincides with the usual
transverse response, RT ′ (see e.g.
6); and (ii) in the DIS limit (Q2 →∞, ν →∞,
Q2/ν fixed), GA1 coincides with the SSF, g
A
1 (ν,Q
2).
For any spin 12 hadronic target, the SSF g
A
1 and g
A
2 read as follows
5
gA1 (ν,Q
2) =
MAK
8π2α(1 + Q
2
ν2 )
[
∆σA(ν,Q2) +
2
√
Q2
ν
σATL(ν,Q
2)
]
, (3)
gA2 (ν,Q
2) =
MAK
8π2α(1 + Q
2
ν2 )
[
2ν√
Q2
σATL(ν,Q
2)−∆σA(ν,Q2)
]
, (4)
where ∆σA(ν,Q2) = σA1/2(ν,Q
2)−σA3/2(ν,Q
2), σA1/2(3/2)(ν,Q
2) is the cross sec-
tion for photon – hadron scattering with total helicity 1/2 (3/2), σATL(ν,Q
2) is
the transverse – longitudinal interference cross section. Thus Eq. (2) becomes:
GA1 (ν,Q
2) =
MAK
8π2α(1 + Q
2
ν2 )
[
σA1/2(ν,Q
2)− σA3/2(ν,Q
2)
]
. (5)
For a nucleon target (A = N , N = n or p), the integral IA coincides with
the Gerasimov – Drell – Hearn (GDH) integral, INGDH(Q
2), which, in the real
photon limit, gives the GDH Sum Rule7:
INGDH(Q
2 = 0) =
∞∫
νth
dν
ν
(
σN1/2(ν,Q
2 = 0)− σN3/2(ν,Q
2 = 0)
)
= −
2π2α
m2
κ2N
2
≃{
−0.53 GeV −2 for protons
−0.60 GeV −2 for neutrons
(6)
where κN is the anomalous magnetic moment of the nucleon.
An important observation 8 can be made about the Q2 evolution of INGDH .
Since in the large Q2 limit GN1 coincides with g
N
1 , one can evaluate (1) for the
proton, using the results9 at Q2 ≃ 10 GeV 2, which gives IpGDH(Q
2) ≃ 0.14/Q2.
This result, if compared with (6), provides evidence of a sharp modification
in the helicity structure of the γp coupling between the real photon limit (6)
and the DIS region, which lead to a change of sign of IpGDH(Q
2) at some value
of Q2. In order to understand this behavior, much theoretical work has been
produced10,11, both in the real photon limit and at finite values of Q2. The
electroexcitation of nucleon resonances is evidently the main reason for this
evolution of the integral, IpGDH(Q
2). Therefore, experimental investigation
of the low-Q2 evolution of INGDH is of great relevance, in particular for the
neutron, for which several analyses of the available unpolarized data for pho-
toproduction and low-Q2 electroproduction disagree with the prediction (6),
while similar estimates seem to give the correct value for the proton.
Since Gn1 (ν,Q
2) will be extracted from experimental data on ~2H and ~3He,
corrections due to nuclear effects have to be introduced. The goal of this talk
is to illustrate the relevance of these corrections in the resonance region. Our
results for ~3He and ~2H are presented in the following two sections12,13. The
recent deuteron data of the E143 collaboration14 are used as an example to
test the method proposed in15 for the extraction of the neutron SSF from the
nuclear ones.
2 The process ~3He(~e, e′)X in the resonance region
Using the convolution model for the nuclear SSF gA1(2) described in
6,16,17, we
obtain12
GA1
(
ν,Q2
)
=
∑
N=p,n
∫
dz
∫
dE
∫
d~p
m
Ep
mν
p · q
{
GN1
(
ν′, Q2
)
P
N
‖ (~p,E)
+ T
N(
~p,E,Q2
)}
δ
(
z +
m2 − p · p
2mν
−
q · p
mν
)
, (7)
where E is the removal energy of a nucleon with momentum ~p, p ≡ (MA −√
(E +MA −m)2 + |~p|2, ~p) is the nucleon 4-momentum, q is the 4-momentum
transfer, Ep =
√
m2 + |~p|2, P
N
‖ (~p,E) and T
N(
~p,E,Q2
)
are related to
the elements of the 2x2 matrix, which represents the spin dependent spectral
function6.
3
Figure 1: G
3
He
1
in DIS (Q2 = 10GeV 2) (a)16, and in resonance (Q2 = 1 GeV 2) (b) regions,
obtained by considering Fermi motion and binding (full). The dashed curve represents the
same functions obtained considering the proton and neutron effective polarization in 3He as
the only relevant nuclear effects (Eq. (12)).
The elements of this matrix are
PNσ,σ′,M(~p,E) =
∑
fA−1
〈~p, σ;ψfA−1|ψJM〉 〈ψJM|ψ
f
A−1; ~p, σ
′〉
× δ(E − EfA−1 + EA) (8)
where |ψJM〉 is the ground state of the polarized target nucleus, |ψ
f
A−1〉 is the
eigenstate of the (A-1) nucleon system with eigenvalue EfA−1, and |~p, σ〉 is the
plane wave describing the struck nucleon in continuum. The relevant quantity
is P
N
‖ (~p,E)= P
N
1
2
1
2
, 1
2
(~p,E) − PN
− 1
2
− 1
2
, 1
2
(~p,E), i. e. the difference between the
spectral functions with nucleon spin parallel or antiparallel to the nucleus spin.
It provides the effective nucleon polarizations pN produced by the S
′ and D
waves in the ground state of 3He:
pN =
∫
dE
∫
d~p P
N
‖ (~p,E) . (9)
The spectral function of6 gives pp(n) = −0.030 (0.88), in agreement with world
calculations on the three body systems18, pp(n) = −0.028± 0.004 (0.86± 0.02).
The term T
N(
~p,E,Q2
)
depends also upon PN1
2
− 1
2
, 1
2
(~p,E), as well as upon a
proper combination of the SSF’s g1 and g2
16. However, it is of the order |~p/m|,
and thus gives a very small contribution both in the DIS16 as well as in the
present calculation of the resonance region. For this reason it will be omitted
hereafter. The quantity GN1 which appears in G
3He
1 (Eq. (7)) is defined in
terms of the polarized electroproduction cross-sections σN1/2(3/2) (cf. Eq. (5)).
Since the first few data for GN1 appeared very recently
14, we use a theoreti-
cal model 11, where the contributions of the resonances P33(1232), D13(1520),
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S11(1535) and F15(1680) have been parametrized using the existing experi-
mental data for unpolarized electroproduction. Other resonant states have
been added using the predictions of a single quark transition model, and the
single pion Born term background has also been included. Using the above
models for P
N
‖ (~p,E) and G
N
1 , we have calculated G
3He
1 in the resonance re-
gion. The results are presented in Fig. 1, where they are compared with
the results for the DIS limit 16. In the latter case GA1 (ν,Q
2) = gA1 (ν,Q
2) =
MAK
8pi2α
[
σA1/2(ν,Q
2)− σA3/2(ν,Q
2)
]
, and Eq. (7) reduces to the well-known con-
volution formula:
gA1 (x,Q
2) =
∑
N
MA/m∫
x
dz
1
z
gN1
(x
z
,Q2
)
GN (z) , (10)
where GN (z) is the light-cone momentum distribution
GN (z) =
∫
dE
∫
d~p P
N
‖ (~p,E) δ
(
z −
p+
M
)
(11)
with p+ = (p0ν − ~p · ~q)/|~q| being the light-cone momentum component. Fig. 1
shows that in the DIS case the following equation
G
3He
1 (x,Q
2) ≈ 2ppG
p
1 (x,Q
2) + pnG
n
1 (x,Q
2) , (12)
approximates very well the convolution formula, at least for x ≤ 0.8 16. The
same does not hold in the resonance region, where nuclear effects turn out to
be important, with the Fermi motion significantly broadening and damping the
peaks associated with the excitation of the prominent resonant states. There-
fore, Eq. (12) can be considered as a workable formula for extracting the DIS
gn1 (x,Q
2) from experimental data on g
3He
1 (x,Q
2), but in the resonance region
it appears to be of little help. We stress that the importance of nuclear effects
in the resonance region is a well-known feature of the unpolarized scattering
as well. Nevertheless, we have found that the proton contribution to the nu-
clear G
3He
1 (x,Q
2) is not large, and therefore 3He is a good effective polarized
neutron target also in the resonance region.
Let us now discuss the role of nuclear effects on the integral Eq. (1). In
Fig. 2 the integral, calculated placing Eq. (7) in Eq. (1), is compared with
the following expression
I˜
3He(Q2) = 2ppI
p(Q2) + pnI
n(Q2) , (13)
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Figure 2: The integral I
3
He(Q2), Eq. (5) (dots), compared with the approximation (13)
(crosses) and with In(Q2) 11 (solid line).
which represents the integral (1) within the assumption that Fermi motion
and binding can be disregarded and that nuclear effects in polarized 3He are
only due to the effective nucleon polarizations. It can be seen that Eq. (13)
approximates Eq. (1) with an accuracy better than 5%. From the same figure it
can also be seen that, because of the effective nucleon polarizations, the integral
(1) for the free neutron predicted by 11, noticibly differs from I
3He(Q2). Thus
the nuclear structure effects are very large in the nuclear SSF GA1 (ν,Q
2) (cf.
Fig. 1 (b)), but in the integral I
3He(Q2) these effects can be approximately
accounted for by the effective nucleon polarizations (cf. Fig. 2). This result is
understood 12 by performing a series expansion of the r.h.s. of Eq. (7) in the
variable z around the non relativistic value z = 1.
To sum up, we have shown that in the resonance region G
3He
1 (x,Q
2) 6=
pnG
n
1 (x,Q
2) +2ppG
p
1 (x,Q
2), but the integrals of the two quantities are very
similar.
3 The process ~2H(~e, e′)X in the resonance region
The nucleon contribution to the deuteron structure functions is usually calcu-
lated by weighting the amplitude of electron scattering on the nucleon with the
wave function of nucleon in the deuteron (for recent developments see e.g. 20,21
and references therein). For the SSF the most important effects are the Fermi
motion and the depolarizing effect of the D-wave. Additional effects, such as
off-mass-shell effects or nucleon deformation, are found to be small 22. For
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finite values of Q2 and ν, Eq. (2) for the deuteron reads as follows13
GD1 (x,Q
2) =
∫
d3p
(2π)3
mν
pq
GN1
(
x∗, Q2
)(
1 +
ξ(x,Q2)p3
m
)
×
(
ΨM+D (p)SzΨ
M
D (p)
)
M=1
=
zmax(x,Q
2)∫
zmin(x,Q2)
dz
z
GN1 (x/z,Q
2)~fD(z, ξ(x,Q
2)), (14)
where GN1 = (G
p
1 + G
n
1 )/2 is the isoscalar nucleon response given by Eq. (5)
and ΨMD (p) the deuteron wave function with spin projection M . In the rest-
frame of the deuteron, with q opposite the z-axis, the kinematical variables
are defined as follows:
pq = ν(p0 + ξ(x,Q
2)p3), p0 = m+ ǫD − p
2/2m, (15)
ξ ≡ q3/ν = |q|/ν =
√
1 + 4m2x2/Q2, Q2 ≡ −q2, x∗ = Q2/2pq, (16)
where ǫD = −2.2246 MeV is the deuteron binding energy.
The limits zmin(max)(x,Q
2) are defined to provide an integration over the
physical region of momentum in (14) and to take into account the pion pro-
duction threshold in the virtual photon-virtual nucleon scattering. Eq. (14)
has the correct limit in DIS. In this case: ξ(x,Q2)→ 1, zmin → x, zmax →
MD/m, and the usual convolution formula for the deuteron SSF g
D
1 (x,Q
2) is
recovered 20,21:
gD1 (x,Q
2) =
MD/m∫
x
dz
z
gN1 (x/z,Q
2)~fD(z). (17)
(cf. Eq. (12) for the 3He case). Equation (17) defines the spin-dependent
“effective distribution of the nucleons”, ~fD, which describes the bulk of nuclear
effects in gD1 . The main features of the distribution function,
~fD(z), are a
sharp maximum at z = 1 + ǫD/2m ≈ 0.999 and a normalization given by
(1− 3/2PD) (PD being the weight of the D-wave in the deuteron). As a result
in the region of medium values of x ∼ 0.2 − 0.6 the deuteron SF gD1 (x) is
slightly suppressed by Fermi motion and binding effects, compared to (1 −
3/2PD)× g
N
1 (x). However, the magnitude of this suppression is small (∼ 1%)
and this is why it is phenomenologically acceptable to extract the neutron SF
from the deuteron and proton data by making use of the following approximate
formula:
gD1 (x,Q
2) ≈
(
1−
3
2
PD
)
(gn1 (x,Q
2) + gp1(x,Q
2))/2 , (18)
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(cf. Eq. (14) for the 3He case). In addition, when integrated over x, eqs. (17)
and (18) give exactly the same result (Γ =
∫
dxg1(x)), i.e.
ΓD(Q
2) =
(
1−
3
2
PD
)
(Γn(Q
2) + Γp(Q
2))/2, (19)
which allows one to obtain exactly the integral of the neutron SF Γn knowing
the deuteron and proton integrals, without solving (17).
As in the 3He case, the equations at finite values of Q2 and ν are more
sophisticated than the corresponding equations in the deep inelastic limit. In
particular, Eq. (14) does not represent a “convolution formula” in the usual
sense, since the effective distribution function ~fD and the integration limits
are also functions of x. This circumstance immediately leads to the conclu-
sion that, in principle, when integrals of the SF are considered, the effective
distribution can not be integrated out to get a factor similar to (1 − 3/2PD)
in (19). Another interesting feature of Eq. (14) is the Q2-dependence of ~fD
and zmin,(max)(x,Q
2). If we again limit ourselves to the discussion of the in-
tegrals of SF, one concludes that the Q2-dependence of such an integral is
governed by both the QCD-evolution of the nucleon SF and the kinematical
Q2-dependence of the effective distribution of nucleons. Thus, in principle, in
the non-asymptotic regime, equation (19), does not hold.
We have performed a realistic calculation of Eq. (14). As in the 3He case,
in our numerical estimates we have evaluated GN1 in (14) using the elementary
cross sections for the proton and neutron given in 11. Using the Bonn poten-
tial model for the deuteron wave function 23, we have carried out a realistic
calculation of GD1 (x,Q
2), (14), in the region of nucleon resonances. In Fig.
3, the obtained GD1 (x,Q
2) at Q2 = 1.0 GeV2, is compared with the input of
the calculation, i.e. the isoscalar nucleon response, GN1 (x,Q
2). It can be seen
that the role of nuclear effects in the resonance region is much larger (up to
∼ 50% in the maxima of the resonances), than in the deep inelastic regime
(∼ 7− 9%, depending upon the models 20,21, with resulting ∼ 6− 7% from the
depolarization factor (1 − 3/2PD) and ∼ 1 − 2% from the binding effects and
Fermi motion). As in the 3He case, such a drastic effect is a consequence of
the presence of the narrow resonance peaks in the nucleon GN1 (x,Q
2).
Let us now discuss the role of nuclear corrections in the analysis of the
integrals of the SSF, such as the GDH Integral.
An important observation has been made in DIS, namely the exact formula
(17) and the approximate formula (18) give the same result for the integral of
the neutron structure function, gn1 (x,Q
2 ≫ m2) (see eq. (19)). The applicabil-
ity of the approximate formula in DIS is based on the conservation of the norm
of the distribution ~f(z) by the convolution formula (17). This circumstance
8
Figure 3: G1(x,Q2) at Q2=1 GeV2 for the deuteron SF (solid line), compared with the
corresponding quantity for the isoscalar nucleon (dotted line), used as input in the calculation
of eq. (14).
can not be immediately extended to the case of the resonance region, since: (i)
the covolution is broken in eq. (14) and (ii) the normalization of the function
~f(z, x,Q2) is different from the one of ~f(z). The integral of the distribution
~f(z, x,Q2) represents the “effective number” of nucleons “seen” by the virtual
photon in the process when the virtual photon is absorbed by the nucleon and
at least one pion is produced in the final state (it is less than 1 at low Q2 and
x→ xmax).
However, the use of the formula (19) in the resonance region gives results
numerically very close to the integration of the exact equation (14). As ex-
plained in13, this is a consequence of the smallness of the effects breaking the
convolution in eq. (14).
We have found that the integrals of the SF, such as the GDH Sum Rule,
can be estimated with accuracy better than 3% by the simple formula (19)
which is also valid in deep inelastic region.
4 Neutron SSF from nuclear data
At this point, we have observed that nuclear effects in the resonance region
are very specific and therefore approximate formulae, such as (12) for 3He or
(18) for 2H , do not work even for crude extraction of the neutron response.
Obviously, another method of extracting should be used.
In ref. 15 a rigorous procedure of solving eq. (17) for the unknown neu-
tron SSF has been proposed and applied in the deep inelastic region. It has
been shown that this method, which works for both spin-independent and
9
spin-dependent SSF, in principle allows one to extract the neutron SSF ex-
actly, requiring only the analyticity of SSF. It can also be applied by a minor
modification to the extraction of the SSF at finite Q2. Such a procedure can
be applied both to 2H and 3He targets; here only the deuteron case will be
discussed.
The basic idea is to replace the integral equation (14) by a set of linear
algebraic equations, KGN = GD, whereK is a square matrix (depending upon
the deuteron model), GD is a vector containing the available G
D
1 data and GN
is a vector of unknown solutions. Changing the integration variable in (14),
τ = x/z, we get
GD1 (x,Q
2) =
τmax(x,Q
2)∫
τmin(x,Q2)
dτGN1 (τ,Q
2)
1
τ
~fD(x/τ, ξ(x,Q
2)), (20)
where τmin(x,Q
2) = x/zmax(x,Q
2), τmax(x,Q
2) = xmax(Q
2)/zmin(x,Q
2) and
xmax(Q
2) is defined by the pion production threshold in virtual photon-nucleon
scattering. Let us assume that GD1 has been measured experimentally in the
interval (x1, x2) and that a reasonable parametrization for it can be obtained
in this interval. Then, dividing both intervals (x1, x2) and (τmin, τmax) into N
small parts, one may write:
GD1 (xi, Q
2) ≈
N∑
j=1
GN1 (τ˜j , Q
2)
τj+1∫
τj
1
τ
~fD(xi/τ,Q
2)dτ, i = 1 . . .N, (21)
where τ˜j = τmin+h(j−1/2) and h = (τmax−τmin)/N . Equation (21) is already
explicitly of the form GD = KGN , therefore usual linear algebra methods can
be applied to solve it.
Note that the range of variation of τ is larger than the one for x. Therefore
the experimental knowledge of GD1 in the interval (x1, x2) provides information
about the neutron in a wider interval (for example, in deep inelastic regime
τmin ≈ x/2 and τmax = 1). However, extracting information beyond the
interval τ˜min = x1 to τ˜max = x2 is almost impossible in view of the structure
of the kernel of eq. (20) and the kinematical condition of planned experimental
data 15. We have to redefine the kernel of eq. (20) to incorporate new limits
of integration τ˜min = x1 and τ˜max = x2
15. The experimental errorbars of the
nuclear data can be related to errors in the extracted structure function of the
nucleon.
To show how this procedure works in practice, we have obtained GN1 of the
isoscalar nucleon solving Eq. (14), using in the left hand side an analytical fit of
10
Figure 4: The analytical fit of the deuteron E143 data 14 used as input in our example of
extraction
one set of the recent E143 deuteron data14 (corresponding to 1.01 ≤ Q2 ≤ 1.28
GeV2, see Fig. 4). It should be noticed that in the experimental analysis the
difference between g1 and G1 (cf. Eq. (2)) has been neglected, and therefore the
data refer to the SSF gD1 of the deuteron. Resonance structures corresponding
to the three main resonances have been included in obtaining the fit. However,
no further physical assumptions have been made, and the behavior of the fitting
curve is basically forced by the data, whose errorbars are large. Therefore, our
analysis is only a crude estimate of the possible nuclear effects, and presently
it should be considered as an example of how the extraction method could
be applied. Once we have assumed that our fit describes the nuclear data
fairly well, Eq. (14) can be solved using the method described in this section.
The results of the calculation are shown in Figs. 5 and 6. It can be seen
that nuclear effects are large, and that the extraction procedure allows one to
discover features of the isoscalar nucleon SSF which, due to nuclear effects, are
not apparent in the initial nuclear SSF. The neutron SSF could be obtained by
subtracting the proton data from the isoscalar SSF, and provided the errorbars
on GD1 are reduced, this method will provide us with a reliable neutron SSF.
5 Conclusions
We have shown that the effects of nuclear structure in the extraction of the
neutron SSF in the resonance region are much more important than in DIS.
11
Figure 5: The extracted isoscalar nucleon SSF (dashed line) compared with our fit of the
E143 data 14 (full line), used as input in our calculation.
Figure 6: The extracted “data” of the isoscalar nucleon SSF (open circles) compared with
the experimental deuteron ones (filled squares). The extracted points have been slightly
shifted, in order to distinguish their errorbars from the the experimental ones.
12
We have explained how the correct neutron SSF can be firmly extracted from
the combined deuteron and proton data. As for the integrals of the SSF, the
estimates are easier, and they can be carried out by using the simple procedure
similar to the DIS case.
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